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Abstract — The goal of this project was to develop novel nanocomposite materials with
attractive properties for blast and ballistic loading applications. ~We developed
functionalized aramid nanofiber networks and demonstrated methods to attach these high
performance polymer nanofibers to other materials such as metallic nanoparticles. We
demonstrated the tunable characteristics of both the hydrolyzed aramid nanostructures
and the nanocomposites formed using them. The unique nanofiber / nanoparticle
interactions lead to simultaneous stiffening, strengthening and toughening of the
mechanical response of the nanocomposites over nanofiber networks alone.

In an effort to better understand the mechanical requirements of the materials we have
been developing for blast mitigation, we examined the mechanics of an impulse wave
through materials. As a result, we have recently made some significant advances in our
understanding of the mechanics of transmission mitigation through materials with
arbitrary constitutive responses (elastic, viscoelastic, elastic-plastic). This has resulted in
the development of a rational design approach to manage the impulse energy from blast
or ballistic impact and to mitigate the transmission of its harmful components to a
vulnerable target (such as a human body or delicate instrumentation). The approach
involves the use of materials with currently achievable properties and can, for example,
be applied to the current advanced combat helmet (ACH) without sacrificing its ballistic
penetration resistance. The general principals we have developed are applicable to the
design of the next generation of military helmets, body armors, underbody systems, etc.,
again, without changing any additional functionalities of these structures.

Technical Accomplishments —

* New nanoscale structures for advanced
nanocomposites were created from aramid
nanofibers by functionalizing them for
bonding with other nanostructures or
matrix materials. Limitations associated
with advanced nanocomposites such as low
reactivity and limited variability have been
addressed by the creation of functionalized
nanometer scale aramid structures, in the
form of nanofibers and nanosheets (Figure
1). These were obtained by deprotonating
macroscale, commercial Kevlar yarns using
potassium hydroxide in dimethyl sulfoxide
to yield stable dispersions of nanometer
scale aramid fibers that were then hydrolyzed using phosphoric acid (PA). To
illustrate the use of these functionally-active nanostructures as building blocks for
nanocomposites, they were crosslinked by glutaraldehyde (GA), and formed into
macroscopic thin films by vacuum-assisted filtration. It was shown that the
mechanical properties of these PA/GA treated films can be tuned by varying the
amounts of PA and GA used during synthesis, adjusting the relative amounts of
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Figure 1: Functionalized aramid
nanofibers [4].



hydrolysis and polymerization. These results are the first demonstration that aramid
nanometer-scale fibers can be used to form versatile nanometer sized building blocks
that can then be crosslinked to fabricate a wide variety of nanostructured aramid
materials with tailorable properties.

A new family of polymer-matrix
nanocomposites reinforced with metal
nanoparticles has been developed by
combining metallic nanoparticles of
gold and copper stabilized by sodium
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nanofibers. ~ Optimal  synthesis o
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We have examined the material  strain to failure (PA-0.3) over hydrogen bonded
requirements of an armor system to  aramid networks (No Treatment). [1]

protect a delicate target from the

harmful effects of an impulse delivered to the armor by a blast or impact event. We
recently demonstrated that there are two features of the force of a mechanical impact
delivered to the target that contribute to its injury — the over-pressure and the impulse.
We have shown that measurements of peak target accelerations alone are insufficient
to define injurious impacts because they reflect just the over-pressure and do not
capture the effects of the impulse. We developed a new design paradigm for impact
mitigation involving multi-layering of polymer materials to modulate and optimally
dissipate the effects of both of these features. The design strategy requires knowledge
of the frequency-dependent response of materials in the kHz-MHz range, a regime
that has not been widely explored. The approach requires arranging materials with
specific elastic and visco-elastic properties into layers to exploit the high-frequency
characteristics of these materials, so as to virtually eliminate the over-pressure and to
significantly mitigate the impulse delivered to the target, thereby effectively reducing
its deformation and motion relative to surrounding, less delicate structures. While
existing armor designs do partially mitigate force transmission, our new design
reduces this overpressure by up to an additional order of magnitude over current
designs. Furthermore, existing designs do not address impulse mitigation, whereas
our new design specifically incorporates features to dissipate energy in an optimal
fashion to reduce the impulse. Therefore our new design can easily achieve
reductions in over-pressure and impulse by 98% and 80% respectively.
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Figure 3: A comparison of the overpressure and impulse mitigation performances of an existing
helmet design (No Tuning) vs. our new design (Tuning). [2]

A comprehensive, finite strain nonlinear viscoplastic constitutive model for a
polymer matrix nanocomposite underoing large deformation has been developed
and validated against data obtained from polyurethane (PU)-Montmorillonite clay
(MTM) nanocomposites. The goal of characterizing the mechanical response
under different strain rates and strain amplitudes has been achieved. The model
predictions show excellent agreement with experimental results in capturing rate
dependent loading/unloading responses for both PU and PU-MTM
nanocomposites. The proposed model can easily be extended to characterize other
polyurethane based nanocomposites in future work.
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